ABSTRACT: Patterns of spatial and temporal co-occurrence or avoidance among different species of marine birds and mammals can provide insights into the degree to which these top predators compete for prey. I conducted at-sea surveys in nearshore waters of Monterey Bay, California, USA, and used a randomization technique to assess co-occurrence patterns of marine birds and mammals in 1 km transect segments. As expected, strongest positive associations were among members of 3 different foraging guilds: pursuit-divers, surface-feeders, and plunge-divers. Within guilds, pursuitdivers exhibited marked avoidance of one another (negative co-occurrence), although surfacefeeders often co-occurred with each other. The study was conducted during 2 yr, 1999 and 2000; during 2000, when predator abundance was greater and prey abundance may have been decreased, pursuit-divers exhibited more avoidance of one another than in 1999. These data suggest that competition reduces foraging ability for pursuit-diving species, making it more profitable for them to disperse more widely, whereas surface-feeding species (primarily gulls) benefit from flock foraging under most conditions. Larger animals tended to frequently co-occur, while the smallest member of each guild tended to avoid other species, indicating competitive exclusion of smaller predators.
INTRODUCTION
The degree to which competition affects the structure of avian communities has long been a subject of debate (Wiens 1989) . Studies of competition among seabirds have focused primarily on breeding colonies, where some evidence has been found for resource limitation (Hunt et al. 1986 , Birt et al. 1987 , Cairns 1989 , Lewis et al. 2001 , implying potential competition. There are various mechanisms by which competition among sympatrically occurring seabirds foraging on similar prey can be ameliorated, including differing foraging ranges or times of day used for foraging (Ashmole & Ashmole 1967 , Diamond 1978 , Ainley & Boekelheide 1990 , Haney & Schauer 1994 , Phillips et al. 2005 ; but see Bedard 1976) , and at-sea habitat segregation by depth (Piatt & Nettleship 1985 , Ainley & Boekelheide 1990 or water clarity (Day et al. 2003) . In addition, Hutchinson (1959) proposed that co-existence of species foraging on similar prey would be more likely if the species were of different sizes, thus foraging on different sizes of prey, and reducing competition. There is some evidence that seabirds that cooccur follow this Hutchinsonian pattern (Pearson 1968 , Baltz et al. 1979 , Ribic & Ainley 1989 , Ainley & Boekelheide 1990 , Spear & Ainley 2007 .
Evidence for competition among non-breeding seabirds, released from the constraints of central-place foraging, is difficult to assess. Although segregation at sea has been well documented, the relative effects of interference or exploitation competition on spatial distribution patterns are poorly understood. On a large scale (e.g. the eastern Pacific), seabirds segregate by foraging strategy (e.g. surface dipping versus pursuit diving), oceanic habitat (e.g. pelagic versus nearshore), and prey type (e.g. fish versus krill; Ainley 1977 , Ainley & Boekelheide 1984 , Ballance et al. 1997 . At a meso-scale (10s to 100s of km), community composition is likely related to shared general habitat affinities (e.g. continental shelf waters or nearshore rocky subtidal habitats) or seasonal migrations related to time and location of breeding (Ainley & Boekelheide 1984 , Ribic et al. 1997 , Woehler et al. 2003 . Distinct seabird communities associated with different meso-scale habitats (usually related to different prey species) have been well described (Pocklington 1979 , Abrams 1985 , Wahl et al. 1989 , Ainley et al. 1994 , Veit 1995 At a finer scale of ≤1 km, co-occurrence patterns of different seabird species are more likely to be related to competition or commensalism. At this scale, seabirds often share similar prey species and forage together in mixed-species flocks (Hoffman et al. 1981 , Duffy 1983 , Harrison et al. 1991 . Mixed-species flocks are particularly likely to form when prey is highly clumped, which is often the case with forage fish. For birds that partake in flocks, the benefits (ability to find prey; aggregation of prey) presumably outweigh any costs of competition (Sealy 1973 , Göt-mark et al. 1986 ). However, interference competition has been proposed as a mechanism reducing the likelihood of certain species co-occurring in the same flock (Hoffman et al. 1981 , Ballance et al. 1997 , Maniscalco et al. 2001 , Burger et al. 2008 .
Most seabirds in the productive California Current system forage primarily on relatively few prey species (Baltz & Morejohn 1977 , Ainley & Boekelheide 1990 . In this system of high dietary overlap, co-occurrence in time and space should indicate either (1) a lack of competition due to high prey availability, or (2) that mechanisms such as body size or foraging strategy are sufficient to mitigate effects of competition. Similarly, relative aggregation of conspecifics may provide insight into potential intraspecific competition or commensalism.
I used data from at-sea surveys of piscivorous marine birds (primarily non-breeders) and mammals occurring in productive nearshore waters of Monterey Bay, California, USA, to examine potential segregation and co-occurrence patterns. Specifically, to investigate whether competition might be structuring this community, I tested the following predictions: if competition is a factor structuring this community, then (1) individuals within the same foraging guild should exhibit negative co-occurrence patterns (avoidance) and individuals in different guilds should be more likely to co-occur, (2) individuals of similar body size should exhibit negative co-occurrence (particularly within a feeding guild), and (3) during a year of increased bird abundance and decreased prey abundance, negative co-occurrence patterns should be stronger, and spatial aggregation should be lower (Pianka 1974) .
MATERIALS AND METHODS
Data were collected on 34 at-sea strip transect surveys for marine birds and mammals in Monterey Bay, California, between February 1999 and March 2001. Each transect was conducted parallel to shore (~500 m from shore; ~10 m depth) off 47 km of sandy shoreline (Fig. 1) . Approximately 3 wk were allowed between bay-wide transects to avoid temporal autocorrelation in seabird distribution. Surveys were conducted from a 5.2 m open motorboat, traveling consistently at approximately 15 km h -1
. Trained observers divided the field of view from the centerline of the boat to perpendicular on either side, with 1 on each side recording birds and mammals within 50 m of the vessel (for a 100 m strip), and the exact time of each sighting. Observers recorded all birds on the surface of the water, but flying birds were recorded only if they were plunge-divers, under the assumption that other birds in flight were en route to other areas. Surveys were conducted only in sea-state conditions of Beaufort 3 or less. Location and speed were determined using a hand-held Global Positioning System (GPS), and timereferenced bird sightings were allocated into 470 contiguous quadrats (100 × 100 m) based on interpolated locations. Habitat was fairly homogenous with respect to depth and bottom substrate, eliminating confounding factors related to habitat variability. There was . Bathymetry is shown in 100 m contour intervals some variability in water clarity during winter, a factor that may have affected some species' distributions (Henkel 2006 , Henkel & Harvey 2008 .
Other researchers testing for interspecific associations among seabirds have typically used indices such as Cole's coefficient of association (Cole 1949 ) that use presence-absence data , Ainley & Boekelheide 1990 ). These indices can overestimate segregation by giving values of 0 (no association) when abundance is low but patchy, and no spatial overlap would be expected by chance. Correlation tests using presence-absence data have also been used (Vermeer et al. 1992) , but the use of presence-absence data obscures possible effects of the abundance of a species on the abundance of another. Other researchers have more recently used randomization tests to test the significance of spatial overlap between species (Syrjala 1996 , O'Driscoll et al. 1998 , Roxburgh & Chesson 1998 , avoiding some of the problems with the use of parametric tests.
I tested for positive or negative associations using the simple (Pearson's) correlation coefficient (r) between abundance of paired taxa in the same 1 km × 100 m section of transect (10 contiguous 100 m quadrats) in both space and time (47 segments; 34 d; n = 1598). Because the data did not conform to the requirements of parametric significance testing, I used a Monte Carlo simulation to randomly shuffle the data for the less abundant (overall sum) taxon within each survey day 1000 times, and then calculated the number of times that the observed r value using the original data was exceeded. By randomizing within day, I retained some of the data structure, but allowed for an accurate assessment of the likelihood of correlations occurring by chance. I set alpha at 0.10 for 2-tailed tests (values ≤ 5 out of 1000 were significant). Significance of calculated p-values was not adjusted for the number of species in the correlation matrix; these analyses assume that the relationship between any 2 species is not affected by the relationship between 1 of those species and a third species. Randomization tests were run using MATLAB (MathWorks). These co-occurrence tests were run on 14 bird taxa and 2 mammal taxa; 1 additional bird species was used in the seasonal comparisons discussed below (Table 1) . Because the abundance of several taxa was significantly greater in 2000 than in 1999 (Henkel 2004 , Henkel & Harvey 2008 , I also tested for positive and negative associations between pairs of 12 taxa within summer (June to August) 1999 and summer 2000 separately (4 surveys each year).
To test for relative positive or negative association among individuals of the same taxon, I calculated the mean (of 34 surveys) standardized Morisita's Index (Smith-Gill 1975 , Myers 1978 ) of each taxon, at a finer spatial scale of 100 × 100 m. This index provides a measure of dispersion (I p ) ranging from -1.0 to +1.0 with 95% confidence limits at -0.5 and + 0.5. For many comparisons, species were grouped into foraging guilds (Table 1) ) of study species alcids and marine mammals that engage in extended dives (typically > 30 s) to pursue prey. 'Surface-feeders' comprised species such as gulls that engage in shallow plunge dives from the surface of the water to pursue prey near the surface. 'Plunge-divers' comprised terns and pelicans that dive from the air into the first 1 to 2 m of the ocean after prey. The different foraging strategies of these 3 guilds allow members of each guild to access prey from a slightly different location in the water column.
RESULTS

Co-occurrence among and between guilds
Both positive and negative significant co-occurrence patterns were detected ( Table 2) . Patterns of association varied by guild: within the guild of pursuit-divers, most associations were negative; within surface-feeding and plunge-diving guilds, all associations were positive (Table 3) . Within guilds, the highest proportion of positive associations occurred among surfacefeeding species. Between guilds (e.g. pursuit-versus plunge-diving species), both positive and negative associations occurred within each pairing, but positive associations were more common for all 3 (Table 3) . Overall, proportions of significant positive and negative associations were similar within guilds and among guilds (Table 3) , with about twice as many positive as negative associations in each grouping. Species showing only neutral and positive associations were common murre, sooty shearwater, and western gull (see Table 1 Table 1 for species codes and guilds. ns: non significant neutral and negative associations were marbled murrelet, mew gull, Caspian tern, and harbor porpoise. Negative correlations were weak (r ≤ 0.05), despite significance of many associations because species pairs were often expected to co-occur by chance (many species were abundant and widespread, making it unlikely that other species would not co-occur with them if they were distributed randomly). Most positive associations were also weak, although 10 species pairs had positive correlations ≥0.20. Strongest correlations (r > 0.30) were between Brandt's cormorant and western gull, Heermann's gull and brown pelican, and common murre and Heermann's gull. There were 6 groups of > 2 species that had consistent positive associations between each member of the groups ( Table 4 ); note that brown pelican is in all 6 groups. The strongest mean correlation among species in a group (> 2 spp.) was within the group comprising brown pelican, western gull, Brandt's cormorant, and California sea lion.
All surface-feeders except mew gull were positively associated with at least 1 pursuit-diver, but the same was not true among plunge-divers. Although brown pelican was associated with several pursuit divers, the other plunge-divers (the 3 tern species) were not positively associated with any pursuit-diver (or any surface-feeder). Hutchinson (1959) suggested that a mass ratio between 2 potential competitors of at least 1:1.3 should be sufficient to ameliorate competition, under the assumption that animals that varied in size to this extent would be foraging on prey of different sizes. Of the 11 species pairs that are within this 1:1.3 ratio (Table 1) , only 1 showed a significant negative association (Heermann's gull-Caspian tern). Two of the associations were significantly positive (common murre-western gull and California gull-sooty shearwater), and the remainder was not significant.
Body size
Aggregation
All species were positively aggregated (Fig. 2) , and 3 species had I p values > 0.5: common murre, Caspian tern, and California sea lion. Aggregation was not related to foraging guild: there was no significant difference among mean aggregation of members of the 3 guilds (ANOVA, F 2,15 = 0.55, p = 0.59).
Effects of year and season
Comparing the summers of 1999 and 2000, there were more negative associations among pursuit-divers in 2000 (when predator abundance was greater, and prey availability may have been reduced), but more positive associations among surface-foragers and between guilds (Table 5 Table 5 . Number of significant positive and negative associations between species pairs in 3 foraging guilds by year (percent of total possible associations given in parentheses) species with mutual positive associations, whereas in 2000, the largest group of mutual associations had 5 species (Brandt's cormorant, California gull, western gull, brown pelican, and California sea lion). Aggregation of all species combined did not vary among four 3 mo seasons (March to May, June to August, September to November, December to February; ANOVA, F 3,33 = 2.76, p = 0.06), although there was a non-significant trend of decreasing aggregation from spring (March to May; I p = 0.53) through winter (December to February; I p = 0.51). Of the 3 species occurring in all 4 summer surveys each year, western grebe was close to being significantly less aggregated during summer 2000 (t 2,7 = 2.27, p = 0.06), but western gull and brown pelican had similar levels of aggregation each year (t 2,7 < 0.90, p > 0.40).
DISCUSSION
Because this study was conducted in a small geographic area with fairly homogenous habitat, and because dietary overlap of seabirds in Monterey Bay is high (Baltz & Morejohn 1977 , Briggs & Chu 1987 , patterns of co-occurrence on a fine scale can provide insights into potential avoidance or commensal relationships among these marine predators. I tested for positive and negative spatial associations; it should be noted that the within the study area, the greatest segregation of different seabird species is likely seasonal (Henkel 2004 ).
Co-occurrence among and between guilds
The commensal relationship between surface or plunge-feeding birds and subsurface pursuit-diving birds, mammals, or large fish has been well documented (Duffy 1983 , Au & Pitman 1986 , Chilton & Sealy 1987 , Pitman & Ballance 1992 . Skov et al. (1995) proposed that large-scale distributions of cetaceans and marine birds are dependent on relationships between pursuit-divers driving prey to the surface for surface-feeding birds. The relationship among different marine mammals has received less research attention, although Bearzi (2006) proposed that California sea lions in Santa Monica Bay (USA) used common dolphins Delphinus delphis and bottlenose dolphins Tursiops truncatus to locate prey.
Observed patterns of co-occurrence in this study are consistent with previous studies that suggest that species from different foraging guilds can benefit from commensal feeding. Of the 6 groups of species with mutually positive associations (Table 4) , 5 groups included at least 1 member of each of the 3 foraging guilds. similarly noted positive associations among Brandt's cormorant, brown pelican, and Heermann's gull off California. In addition, the 2 strongest pair-wise associations (Table 1) were between members of different guilds: Brandt's cormorant -western gull (pursuit-diver/surface-feeder) and brown pelican-Heermann's gull (plunge-diver/ surface-feeder; in this case, Heermann's gull acts mostly as a scavenger/kleptoparasite), and the strongest grouping was brown pelican, western gull, Brandt's cormorant, and California sea lion (Table 4) .
Within guilds, we would expect increased competition and more negative associations (avoidance) because feeding strategy would not be a mechanism for niche segregation. Although the overall ratio of positive to negative associations was similar within and between guilds (Table 3) , pursuit-divers in this study rarely co-occurred with other pursuit-divers. The greater proportion of negative associations within the pursuit-diving guild could indicate competition, or could be a result of more prey being available to these species, allowing for greater niche segregation based on subtle (unmeasured) habitat variables.
In contrast, the high degree of positive associations among surface-feeders (primarily gulls) indicates a lack of competition among these predators. Others have similarly found that the benefits (locating prey) of flock-foraging in gulls (Hoffman et al. 1981 , Duffy 1983 , Götmark et al. 1986 , Harrison et al. 1991 , Ostrand 1999 tend to outweigh costs of competition (Maniscalco et al. 2001) . O'Driscoll et al. (1998) similarly found that gulls and shearwaters showed relatively high levels of co-occurrence, while pursuit-divers (shags) did not.
Body size
The idea that Hutchinsonian body-size ratios (Hutchinson 1959 ) can ameliorate competition was not supported: species of similar sizes often co-occurred. However, there appears to be an interesting trend among the smallest members of each guild. Marbled murrelet and mew gull, the smallest pursuit-diving bird and surface-diver, had only negative or neutral associations with other species. Forster's tern, the smallest plunge-diver, had no significant associations, but pairings tended toward the negative. These smaller species may have avoided other larger species, particularly members of their own guilds, to avoid interference competition with larger animals. Although marbled murrelets regularly occur in mixed-species flocks elsewhere (Sealy 1973 , Vermeer et al. 1992 , Ostrand 1999 , they may avoid flocks, or regions, in which larger common murres are present (Chilton & Sealy 1987 , Burger et al. 2008 . Between the 2 marine mammal species, the smaller (harbor porpoise) also had only negative or neutral associations, potentially in response to avoidance of the larger California sea lion due to competition. Harbor porpoise and California sea lion may segregate using different ranges of water clarity (Henkel & Harvey 2008) , a factor that did vary slightly throughout the otherwise homogenous study area. In a similar vein, the largest avian member of each guild (Brandt's cormorant, brown pelican, and western gull) had consistently strong positive associations, often all co-occurring together (Table 4 ). These data indicate that larger species may be more tolerant of competition with other species, and may exclude smaller species (Persson 1985 , Ballance et al. 1997 ).
Aggregation and effects of year and season
Differences in occurrence patterns between 1999 and 2000 are difficult to interpret without information on prey availability and dispersion. Sea surface temperature was greater and upwelling was lower in 2000 (Henkel 2004 ), indicating high water column stratification, and potentially poor prey availability. Regionally, marbled murrelets had poor reproductive success and spent more time foraging in 2000 (M. Z. Peery pers. comm.), also indicating poor prey availability. A clearer distinction between 1999 and 2000, however, was the abundance of predators, which was greater in 2000 than in 1999 (especially western grebe, Brandt's cormorant, and California sea lion; Henkel 2004 , Henkel & Harvey 2008 . This increase in the abundance of birds and mammals in 2000 presumably led to increased competition for prey.
In 2000, there were more negative associations among pursuit-divers, strengthening the theory that pursuit-divers segregate spatially to avoid competition more so than surface-feeders. When prey is less abundant, competition is greater, and increased segregation may ameliorate this competition (Baker & Baker 1973 , Pianka 1974 , DuBowy 1988 , Ainley & Boekelheide 1990 . However, there were more positive associations among surface-feeders and between guilds in 2000. While pursuit-divers may have been forced to segregate, gulls and other birds may have found that foraging together on limited prey that was still highly aggregated was more optimal than dispersing. Further study of the co-occurrence of marine predators over a range of prey availability, with concurrent data on dispersion of prey, would be useful; these preliminary data indicate that different guilds may respond differently (potentially in opposing ways) to variable prey availability.
All species were positively spatially aggregated, which was expected given the typical patchy and clumped distribution of forage fish. In 2000, western grebes were marginally (non-significantly) less aggregated than in 1999. If pursuit-diving species compete more with other members of their guild than with species in other guilds, this may also be true with conspecifics; western grebes may have been forced to disperse locally when abundance of conspecifics was greater and prey lower. Other researchers have also found that pursuit-diving birds disperse more widely when prey is less abundant (Wanless et al. 1990 , Davoren 2000 , Davoren et al. 2003 , Becker & Beissinger 2003 .
Some of the trends in this study indicate potential competition for prey among non-breeding seabirds. It has been suggested that population regulation of marine birds may be related to winter food supplies (Lack 1966 , Gaston 2003 , but this theory has not been fully investigated in different marine regions. There is increasing evidence that environmental factors do affect adult mortality (Nur & Sydeman 1999 , Jones et al. 2002 , Kitaysky et al. 2007 , Parrish et al. 2007 , Lavers et al. 2008 , and episodic catastrophic mortality events likely play a role in population regulation (Harris & Wanless 1996 , Baduini et al. 2001 . However, more research is needed on the effects of prey availability on adult survival of marine birds during the non-breeding season, and effects this mortality may have on population regulation. In the productive California Current system, it is relatively unlikely that competition for prey during the non-breeding season acts to regulate populations; observed evidence of segregation likely reflects optimal foraging strategies, but competition may only be strong enough to affect survival in years of unusually low prey abundance (Grant 1986 ). This study indicates that competition may vary among foraging guilds and as a function of body size, potentially leading to differing effects of prey depletion on different predator species.
Studies of at-sea community dynamics of marine predators are important in understanding the ecology of these animals that spend the majority of their lives at sea (Ballance 2008 ). Theoretically, animals should be distributed relative to prey patches such that their individual prey consumption rate is maximized, based on relative prey availability and competition from other consumers (Fretwell & Lucas 1969) . The relatively high niche overlap of seabirds observed in this study and others, and the fact that prey for seabirds may be harder to detect (and based to a large extent on visual cues from competitors) than for many consumers, makes seabirds an interesting subject for further theoretical research of the Ideal Free Distribution (IFD; Fretwell & Lucas 1969) . Newer game-theoretic tech-niques have incorporated competition into IFD models (van der Meer & Ens 1997 , Flaxman & Reeve 2006 , Kfiivan et al. 2008 , Fauchald 2009 ); marine birds and mammals could provide a good system for investigating effects of commensalism on the IFD, and how differences among species, foraging guilds, and size classes affect competition. In addition, researchers conducting at-sea surveys should continue to consider potential interspecific attraction or avoidance, as species' effects on each other could affect the interpretation of analyses of habitat use (Campomizzi et al. 2008) . 
